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protein damaging stressors, and bacterial and viral infection that hijack protein synthesis and folding machinery further challenge proteostasis. Senescence causes a poorly understood decline in the capacity of cellular proteostasis networks that repair and degrade damaged proteins (19, 27) . Because protein structure is inherently unstable and is under constant challenge, "cells live on the edge of a proteostasis catastrophe" (13) .
Environmental stressors damage cellular proteins by inducing chemical modification, misfolding, denaturation, and/or aggregation. Reduction of protein synthesis is a widely observed cellular response to environmental stress and is thought to function to minimize stress-induced damage (15, 35) . Inhibiting translation reduces energy consumption and the total number of cellular proteins that may be damaged by a stressor. This in turn is expected to free up energy resources and cellular machinery that can be used to minimize and reverse damage to existing proteins or remove damaged proteins from the cell.
When exposed to sublethal hypertonic stress the nematode Caenorhabditis elegans rapidly loses water. Water loss is followed by activation of systemic volume recovery mechanisms that are mediated first by salt and water uptake followed by accumulation of the organic osmolyte glycerol (8, 20, 22) . Cellular water loss causes rapid and dramatic damage to both native and transgenic proteins (5, 6, 9) . Survival of C. elegans in hypertonic environments requires the activity of genes that function to degrade damaged proteins (9) . Hypertonic stress causes a rapid inhibition of protein synthesis and reduced translation in turn serves as a signal for activation of hypertonic stress response pathways including glycerol synthesis (6, 23) .
The idea that inhibition of translation is protective against stress-induced protein damage is conceptually attractive and widely cited (15, 35) . However, there is little experimental evidence to support this idea. Our recent studies in C. elegans provided to the best of our knowledge the first direct demonstration that reduced rates of translation minimize stress-induced protein damage. RNA interference (RNAi) silencing of essential translational components or acute exposure to cycloheximide suppresses hypertonicity-induced aggregation of a polyglutamine-YFP (Q35::YFP) reporter protein 50 -80% in C. elegans. Dietary changes that increase protein production increase Q35::YFP aggregation 70 -180% (6) .
The relationship among cellular stress, protein synthesis, and protein damage has important implications for understanding disease and the pathophysiology associated with aging (2, 10, 19, 27, 27 ). In the current article, we further characterize the relationship between protein synthesis and hypertonic stressinduced protein damage in C. elegans. We demonstrate that inhibition of protein synthesis protects diverse proteins in diverse cell types from hypertonicity-induced aggregation and misfolding. We also show for the first time that hypertonic stress-induced reductions in translation rate mediated by acti-vation of general control nonderepressible-2 (GCN-2) kinase signaling and eukaryotic initiation factor-2␣ (eIF-2␣) phosphorylation function to limit protein damage. The current studies together with our previous work provide the foundation for development of a systems level understanding of the relationship among cellular stress, translation rate, protein damage, and activation of stress protective pathways. F2 progeny were selected for YFP expression, and the presence of the gcn-1(nc40) allele was verified by PCR. Unless stated otherwise, worms were cultured at 20°C using standard methods (3) . Hypertonic agar plates were generated by adding additional NaCl to standard nematode growth medium.
MATERIALS AND METHODS

C
Fluorescent protein aggregate measurements. The number of body wall muscle cell Q35::YFP or intestine Q44::YFP aggregates were quantified manually using a Zeiss Stemi SV11 microscope (Chester, VA). Quantification of ␣-synuclein::YFP aggregates in body wall muscle cells located anterior to the nerve ring was performed using a Zeiss LSM510-Meta confocal microscope and Plan-Neofluar 40ϫ/1.3 NA or Plan-Apochromat 63ϫ/1.4 NA oil objective lenses. The volume of individual aggregates was estimated from optical sections obtained by confocal microscopy as described previously (5) .
Temperature-sensitive mutant phenotype assays. The effects of hypertonic stress and translation rate on expression of temperaturesensitive (ts) mutants phenotypes were characterized in unc-15(e1402) and let-60(ga89) mutant worms maintained at the permissive temperature of 16°C. A slow movement phenotype was determined for unc-15(e1402) mutants as described by Gidalevitz et al. (14) . Briefly, worms were transferred to the center of a well in a 12-well growth plate that was seeded with a ring of bacteria on the outermost edge. Slow movement was defined as the number of animals that failed to reach the bacteria within 10 min. Defective egg hatching or larval arrest phenotypes were quantified by transferring 1-day-old gravid adults to 300 mM NaCl feeding plates and then removing them after 24 h. Eggs were scored for failure to hatch or develop past the L1 larval stage.
RNA interference. RNAi was performed by feeding worms from the L1 larval stage with bacteria expressing a nonspecific scrambled dsRNA or dsRNA homologous to iftb-1. Adult RNAi worms were transferred to control or high NaCl growth plates seeded with dsRNAexpressing bacteria.
Survival and motility assays. Synchronized late L4 wild-type and gcn-1(nc40) worms were transferred to control or high NaCl growth media at 20°C. Survival was determined after 24 h. Worms were considered to be dead if they did not respond to repeated prodding with a platinum wire.
Worm motility was measured as described previously (5) . Briefly, wild-type and gcn-1(nc40) L4 worms were transferred to 300 mM NaCl growth medium for 24 h. Single worms were then placed on a fresh lawn of OP50 bacteria and removed after 30 s. Brightfield images of the lawns were obtained using a Zeiss Stemi 2000-CS microscope (Thornwood, NY) equipped with a CCD camera (DAGE-MTI, Michigan City, IN). The length of the tracks in bacterial lawn made by individual worms was measured with ImageJ software (National Institues of Health, Bethesda, MD).
Analysis of endogenous insoluble proteins. Isolation of insoluble proteins was carried out as described previously (5) . Briefly, late L4 stage larvae were exposed to 51 mM (control) or 500 mM NaCl growth media for 4 h. After removal, worms were washed; transferred to a buffer containing 100 mM MES, 1 mM EGTA, 0.1 mM EDTA, 0.5 mM MgSO4, and 20 mM NaF; drip frozen in liquid nitrogen; and ground to a powder with a mortar and pestle. Immediately upon thawing, 10 l of the ground material were taken for analysis of total protein concentration using a bicinchoninic acid protein assay (Pierce Biotechnology, Rockford, IL). Two additional 60-l aliquots were placed in either a solubilization buffer (8 M urea, 2% SDS, 50 mM DTT, 50 mM Tris, and Roche complete protease inhibitor, pH 7.4) for total protein determination or RIPA buffer (50 mM Tris, 150 mM NaCl, 5 mM EDTA, 0.5% SDS, 0.5% SDO, 1% NP-40, and Roche complete protease inhibitor, pH 8). Insoluble proteins were isolated from samples in RIPA buffer by centrifugation at 16,100 g for 10 min. After supernatant removal, the insoluble protein pellet was resuspended in 100 l of RIPA buffer, centrifuged a second time, and then solubilized in solubilization buffer.
Protein samples were analyzed by SDS-PAGE. Gels were stained with Bio-Safe Coomassie (Bio-Rad, Hercules, CA), and the amount of protein present in each lane was quantified with GeneTools software (Syngene, Frederick, MD).
Statistical analysis. All data are presented as means Ϯ SE. Statistical significance was determined using Student's two tailed t-test when two means were compared. P values of Յ0.05 were taken to indicate statistical significance.
RESULTS
Q35
::YFP is a transgenic protein containing 35 contiguous glutamine (Q) residues fused to yellow fluorescent protein (YFP). When expressed in body wall muscle cells, the protein is soluble in young worms but undergoes rapid aggregation during water loss induced by hypertonic stress. Once formed, Q35::YFP aggregate volume increases rapidly and reaches a steady state ϳ4 h after water loss is initiated (5) . Inhibition of protein synthesis with cycloheximide reduces the number of Q35::YFP aggregates formed after a 1-h exposure to 500 or 700 mM NaCl (6) . As shown in Fig. 1 , cycloheximide also dramatically suppresses the rate of Q35::YFP aggregate growth. Worms were pretreated with 500 g/ml cycloheximide on control growth medium for 15 min and then exposed to 500 mM NaCl medium containing the drug. Aggregates were detected within 1 h of exposure to 500 mM NaCl in control worms and grew rapidly reaching a maximum volume of ϳ70 m 3 after 4 h of hypertonic stress (Fig. 1A) . In contrast, no aggregates were detected in cycloheximide-treated worms at 1 h poststress. After formation, the aggregates grew more slowly reaching a maximum observed volume of ϳ43 m 3 ( Fig. 1A ). Hypertonicity-induced Q35::YFP aggregation continues even after cellular water balance is restored (5). This suggests that protein damage induced by hypertonic stress rapidly saturates cellular machinery that prevents aggregation and/or that protein aggregates represent a mechanism utilized by cells to isolate toxic intermediates including misfolded monomers and oligomeric structures (7, 17, 31) . To further examine the impact of translation inhibition on Q35::YFP aggregation, we exposed worms to 500 mM NaCl for 4 h in the presence of cycloheximide and then returned them to control medium without the drug for 3 h. As shown in Fig. 1B , both the volume and number of Q35::YFP aggregates continued to increase significantly (P Ͻ 0.008) in control animals. In contrast, no significant (P Ͼ 0.1) change was observed in either aggregate number or volume during the recovery period in cycloheximide-treated worms (Fig. 1B) . This indicates that inhibition of translation reduces initial hypertonic stress-induced protein damage and/or allows the cell to repair existing damage thus preventing further aggregation of Q35::YFP.
We also examined the effect of cycloheximide on Q35::YFP aggregation during the posthypertonic stress recovery period. Worms were exposed to 500 mM NaCl for 2 h and then returned for 2 h to control growth medium with or without cycloheximide. Inhibition of translation during the posthypertonic stress recovery period had no significant (P Ͼ 0.6) effect on aggregate volume or the number of aggregates formed (Fig.  1C) . Thus the protective effect of translation inhibition occurs during hypertonic stress when protein unfolding and aggregation are being induced by increased cellular ionic strength and macromolecular crowding (5) .
The cycloheximide treatment protocol used in our studies functions to acutely inhibit protein synthesis. We therefore also examined the effects of chronic reductions in the rate of translation on protein damage by knockdown of iftb-1, which encodes the eukaryotic translation initiation factor eIF-2␤. RNAi silencing of iftb-1 inhibits protein synthesis in C. elegans ϳ80% and activates gpdh-1 expression (23). Because constitutive activation of gpdh-1 usually results in elevation of whole animal glycerol levels (22), it is conceivable that any reductions in protein damage observed in iftb-1(RNAi) worms reflect reductions in water loss and shrinkage rather than a direct effect of reduced translation. However, hypertonicityinduced water loss and shrinkage are similar in control and iftb-1(RNAi) worms (6) .
RNAi silencing of iftb-1 reduces the number of Q35::YFP aggregates formed during hypertonic stress (6) . As shown in Fig. 2A , iftb-1 knockdown also greatly reduced the rate of aggregate growth during continuous exposure to 500 mM NaCl.
During acute hypertonic stress (500 mM NaCl for 4 h) followed by a 3-h recovery in control medium, the increase in Q35::YFP aggregate number was arrested in iftb-1(RNAi) worms (Fig. 2B) . Unlike cycloheximide-treated worms (Fig.  1B) , the Q35::YFP aggregate volume continued to increase in iftb-1(RNAi) animals (Fig. 2C) . However, the increase was significantly (P Ͻ 0.0003) less than observed in control worms. The reason for the difference in the growth in aggregate volume with cycloheximide treatment vs. iftb-1 knockdown is unclear. Chronic reductions in protein synthesis induce changes in gene expression (15, 35) . Such changes may alter the cellular proteostasis environment, and this in turn may alter the mechanisms by which damaged proteins are handled. For example, misfolded proteins are toxic to cells and aggregation represents one mechanism by which that toxicity is reduced (7, :YFP aggregates during hypertonic stress. Worms were exposed to 500 mM NaCl agar plates with or without 500 g/ml CHX at time 0. Values are means Ϯ SE (n ϭ 8 -30 aggregates measured in 7-9 worms). *P Ͻ 0.0003, compared with control worms. No Q35::YFP aggregates were detected at the 1-h time point in CHX-treated worms. B: effects of CHX on the growth and formation of Q35::YFP aggregates during recovery from hypertonic stress. Worms were exposed to 500 mM NaCl with or without CHX for 4 h and then returned to control medium without the drug for 3 h. Initial and final aggregate volumes and numbers were obtained after 4 h of hypertonic stress and 3 h of recovery, respectively. Both the size and number of Q35::YFP aggregates continued to increase in control worms even though the hypertonic stress was removed. CHX in contrast fully suppressed aggregation and aggregate growth. Values are means Ϯ SE (n ϭ 14 -17). *P Ͻ 0.0001 and **P Ͻ 0.008, compared with the initial values. C: effects of CHX on posthypertonic stress growth and formation of Q35::YFP aggregates. Worms were exposed to 500 mM NaCl for 2 h and then transferred to control growth medium with or without CHX. Values are means Ϯ SE (n ϭ 10 -21).
17, 31). The continued growth of existing aggregates in iftb-1(RNAi) worms may reflect a detoxification mechanism activated by prolonged translation inhibition. The Q35::YFP used in these studies is expressed in body wall muscle cells. To determine whether the effect of translation inhibition is cell specific and/or protein specific, we examined additional reporters of protein damage. Figure 3A shows the effect of cycloheximide and RNAi silencing of iftb-1 on hypertonic stress-induced aggregation of Q44::YFP expressed in intestinal cells. As noted previously (28), aginginduced Q44::YFP aggregation is highly variable between animals. We therefore expressed the data as the percentage of animals exhibiting at least 10 Q44::YFP aggregates (28) .
Under control conditions, Q44::YFP aggregates were not detected in any of the 60 worms examined. Following a 2-h exposure to 500 mM NaCl, we observed that Ն10 aggregates formed in 17.5% of the animals. Treatment with cycloheximide or knockdown of iftb-1 significantly (P Ͻ 0.01) reduced the percentage of worms with Ն10 hypertonic stress-induced aggregates to ϳ1.5-2.5%. Both experimental maneuvers also significantly (P Ͻ 0.002) reduced Q44::YFP aggregate volume by ϳ50% (Fig. 3B) .
␣-Synuclein is an inherently disordered protein expressed abundantly in the brain and is found in protein inclusions associated with various neurodegenerative disorders (32) . Human ␣-synuclein::YFP fusion protein expressed in C. elegans :YFP aggregates in intestinal cells following a 2 h exposure to 500 mM NaCl. Wild-type (WT) worms were exposed to 500 mM NaCl in the presence or absence of 500 g/ml CHX. Control worms were fed bacteria producing a scrambled dsRNA and compared with iftb-1(RNAi) worms. Values are means Ϯ SE (n ϭ 3 independent experiments with 20 worms each). *P Ͻ 0.01, compared with 500 mM NaCl alone; and **P Ͻ 001, compared with control worms. B: effects of translation inhibition on Q44::YFP aggregate volumes. Values are means Ϯ SE (n ϭ 9 -19). *P Ͻ 0.002, compared with 500 mM NaCl alone; and **P Ͻ 0.001 compared with control worms. C: effects of translation inhibition on the number of ␣-synuclein::YFP inclusions in body wall muscle cells following a 2 h exposure to 500 mM NaCl. Concentration of NaCl is shown inside each bar. Values are means Ϯ SE (n ϭ 5-11). *P Ͻ 0.003, compared with WT worms on 51 mM NaCl; and **P Ͻ 0.02, compared with unstressed control (Cntl) worms maintained on 51 mM NaCl and fed bacteria producing scrambled dsRNA. Number of inclusions in CHX-treated and iftb-1(RNAi) worms was not significantly (P Ͼ 0.07) different from that of WT or control worms maintained on 51 mM NaCl.
body wall muscle cells accumulates in inclusion bodies in an age-dependent manner (34) and in response to hypertonic stress (5). When worms were exposed to 500 mM NaCl for 2 h, ␣-synuclein::YFP inclusions increased significantly (P Ͻ 0.02) by 1.8-to 2.3-fold. In cycloheximide-treated or iftb-1(RNAi) worms, hypertonic stress did not significantly (P Ͼ 0.07) increase the number of inclusions above that observed in animals maintained at 51 mM NaCl (Fig. 3C) .
Hypertonic stress induces rapid aggregation of endogenous proteins in C. elegans (5, 6, 9) . To further assess the impact of translation rate on protein damage, we isolated total protein and a detergent insoluble fraction, which contains protein aggregates (5), from cycloheximide treated wild-type worms and iftb-1(RNAi) worms exposed for 4 h to 500 mM NaCl. Consistent with our previous findings (5), we observed that hypertonic stress induced significant (P Ͻ 0.04) increases in insoluble protein (Fig. 4) . However, inhibition of translation fully suppressed this increase. The levels of insoluble protein in cycloheximide-treated and iftb-1(RNAi) worms were not significantly (P Ͼ 0.3) different from those in unstressed wild-type and control worms (Fig. 4) .
It is widely accepted that ts mutations give rise to proteins that fold and function correctly at low or "permissive" temperatures. However, at elevated temperatures, temperature-sensitive (ts) mutant proteins misfold giving rise to mutant phenotypes (4, 14, 33) . We have shown recently that hypertonic stress causes apparent misfolding of ts mutant proteins under permissive temperature conditions (5). WT +CHX 500 NaCl † Fig. 4 . Effect of inhibition of protein synthesis by CHX or RNAi silencing of iftb-1 on aggregation of endogenous proteins during hypertonic stress. CHXtreated WT (A) and iftb-1(RNAi) (B) worms were exposed for 4 h to 500 mM NaCl. Insoluble protein was quantified as a fraction of total protein and is plotted relative to unstressed (maintained on 51 mM NaCl) WT or control worms fed bacteria expressing a scrambled dsRNA. Values are means Ϯ SE (n ϭ 3-5). *P Ͻ 0.04, compared with WT 51 NaCl; **P Ͻ 0.04, compared with WT 500 mM NaCl; ***P Ͻ 0.004 compared with Control 51 NaCl; and †P Ͻ 0.01, compared with Control 500 NaCl. mutant worms. Animals were exposed for 2 h to 500 mM NaCl with or without CHX and then allowed to recover for 3 h on normal growth medium without the drug. Slow movement is defined as the inability to reach a bacterial food source within 10 min. Hypertonic stress increases the slow movement phenotype in both WT and mutant worms. In unc-15(e1402) mutant worms, this phenotype is partially reversed by CHX-induced inhibition of translation.
Values are means Ϯ SE (n ϭ 3 independent experiments with 50 worms in each). *P Ͻ 0.001, compared with control unc-15(e1402) worms; and **P Ͻ 0.05, compared with unc-15(e1402) worms exposed to 500 mM NaCl without CHX. B: effect of RNAi-induced inhibition of translation on egg hatching/ larval arrest phenotype induced by hypertonic stress in WT and let-60(ga89) worms. Worms were grown from the L1 larval stage on 51 mM NaCl growth medium with bacteria expressing scrambled dsRNA or dsRNA homologous to iftb-1, which encodes the eukaryotic translation initiation factor eukaryotic initiation factor-2␤ (eIF-2␤). Gravid adults were transferred to 300 mM NaCl RNAi plates and allowed to lay 40 -50 eggs over an ϳ24 h period. The percentage of eggs failing to hatch or that hatched L1 larvae that arrested was scored. Values are means Ϯ SE (n ϭ 5 independent experiments with 40 -50 eggs in each). *P Ͻ 0.002, compared with WT; and **P Ͻ 0.03, compared with let-60(ga89) worms fed bacteria expressing scrambled dsRNA. WT, unc-15(e1402), and let-60(ga89) worms were maintained at 16°C throughout the experiments.
The let-60(ga89) and unc-15(el402) encode ts mutant ras GTPase and paramyosin, respectively. At elevated temperatures or under hypertonic conditions, these mutations give rise to egg-hatching defects and larval arrest (5) . Mutations in unc-15 also give rise to motility defects (26) . Figure 5A shows the effects of cycloheximide on the motility of L4/young adult wild-type worms and unc-15(e1402) mutants exposed for 2 h to 500 mM NaCl with or without cycloheximide and then allowed to recover for 3 h on normal growth medium without the drug. Slow movement is defined as the inability to reach a bacterial food source within 10 min (14) (see MATERIALS AND METHODS). Under control conditions, most wild-type worms moved to food within the 10-min time frame. Hypertonic stress slowed movement in ϳ50% of wild-type worms, but this was unaffected by cycloheximide. In unc-15(e1402) mutants, hypertonic stress significantly increased (P Ͻ 0.001) the number of slow moving worms from ϳ43 to ϳ93% (Fig. 5A) . Cycloheximide treatment significantly (P Ͻ 0.05) reduced the fraction of worms exhibiting the mutant phenotype by ϳ20% (Fig. 5A ).
We were unable to induce the let-60(ga89) mutant phenotype with short-term hypertonic stress. Because worms cannot tolerate prolonged treatment with cycloheximide, we utilized RNAi to inhibit protein synthesis. Wild-type and let-60(ga89) L1 larvae were fed bacteria producing a scrambled dsRNA or dsRNA homologous to iftb-1. Gravid adults were transferred to 300 mM NaCl and allowed to lay 40 -50 eggs over an ϳ24-h period. The percentage of eggs failing to hatch or that hatched L1 larvae that arrested was scored. As shown in Fig. 5B , only ϳ10% of the eggs from wild-type worms fed scrambled dsRNA failed to hatch or arrested at L1. In contrast, nearly 60% of the eggs from let-60(ga89) worms fed scrambled dsRNA showed the hatching/arrest phenotype. Inhibition of protein synthesis by iftb-1 RNAi significantly (P Ͻ 0.03) reduced the hatching/arrest phenotype to ϳ23%. Taken together, the data in Fig. 5, A and B , demonstrate that inhibition of protein synthesis also suppresses hypertonic stress-induced protein misfolding.
The results shown in Figs. 1-5 as well as our previous findings (6) clearly demonstrate that inhibition of protein synthesis by cycloheximide or iftb-1 knockdown minimizes diverse types of hypertonic stress-induced protein damage in diverse cells types. Hypertonic stress inhibits proteins synthesis rapidly in C. elegans via activation of the GCN kinase GCN-2 with subsequent phosphorylation of the translation initiation factor eIF-2␣ (23) . An important question is whether this GCN-2-mediated reduction in protein synthesis also functions to minimize hypertonic stress-induced protein damage. To test this possibility, we examined the effect of water loss on protein damage in a mutant worm strain expressing a loss-offunction allele of gcn-1 [gcn-1(nc40)]. GCN-2 activation requires interaction with the accessory protein encoded by gcn-1 (29) . Hypertonic stress-induced phosphorylation of eIF-2␣ and inhibition of protein synthesis are completely suppressed in gcn-1(nc40) mutant worms (23) .
We first examined the effect of the gcn-1(nc40) allele on 24-h survival during hypertonic stress. As shown in Fig. 6A , wild-type worms survived significantly (P Ͻ 0.03) better on growth media containing 400 -600 mM NaCl compared with gcn-1(nc40) loss-of-function mutants.
Even though 100% of wild-type and gcn-1(nc40) worms survived for 24 h on 300 mM NaCl medium (Fig. 6A) , the mutants appeared to be considerably less healthy. To characterize this apparent difference, we quantified motility by measuring the distance worms moved in 30 s after a 24-h exposure to 300 mM NaCl, which is sufficient time for full volume recovery and glycerol accumulation in wild-type animals (20) . Wild-type worms moved nearly 80% faster than the gcn-1(nc40) mutants (Fig. 6B) . These studies and our previous work demonstrate that GCN-1/GCN-2 signaling not only downregulates protein synthesis during hypertonic stress (23) but is required for optimal survival of C. elegans under hypertonic conditions. We next crossed gcn-1(nc40) mutant worms with worms expressing transgenic Q35::YFP in their body wall muscle cells and quantified Q35::YFP aggregation during exposure to 500 mM NaCl. The rate of aggregate formation was significantly (P Ͻ 0.0001) faster in the gcn-1(nc40) mutants (Fig.  6C) . In addition, the aggregates grew at a significantly (P Ͻ 0.01) greater rate (Fig. 6D ) than observed in wild-type worms (compare to Fig. 1A) .
As final test of the role of GCN-2 signaling in modulating protein damage, we quantified endogenous protein aggregation in wild-type and gcn-1(nc40) mutant worms. Hypertonic stress-induced protein aggregation was ϳ1.6-fold greater (P Ͻ 0.02) in gcn-1(nc40) mutant compared with wild-type worms (Fig. 7) . Taken together, the data in Figs. 6 and 7 demonstrate that inhibition of protein synthesis during hypertonic stress reduces protein damage and improves survival.
DISCUSSION
Reductions in protein translation occur in response to a wide variety of environmental stressors and are widely thought to play a role in minimizing stress-induced protein damage (15, 35) . Our studies in C. elegans have tested this idea directly for the first time using the aggregation prone reporter Q35::YFP expressed in body wall muscle cells. Cycloheximide treatment during hypertonic stress strikingly reduces the number of Q35::YFP aggregate formed (6) , reduces the rate of growth of single Q35::YFP aggregates, and completely blocks the formation and growth of aggregates that occurs after hypertonic stress is removed (Fig. 1, A and B) . Inhibition of translation by RNAi silencing of iftb-1 has similar effects (Fig. 2) .
The effect of translation inhibition is not restricted to a specific protein or cell type. Cycloheximide or RNAi silencing of iftb-1 reduces formation and growth of Q44::YFP aggregates in intestinal cells and the formation of ␣-synuclein inclusions in muscle cells (Fig. 3) . Translation inhibition also reduces hypertonic stress-induced aggregation of multiple unidentified endogenous proteins (Fig. 4) and misfolding of UNC-15 and LET-60 (Fig. 5) . unc-15 encodes paramyosin, which is expressed in all C. elegans muscle cells. LET-60 is a ras GTPase present in numerous diverse cell types. The larval lethality phenotype induced by hypertonic stress (Fig. 5B) is likely due to failure of the excretory system to form properly in mutant animals (36) .
Our previous work (6) and data in Figs. 1-5 clearly demonstrate that exogenous inhibition of translation protects diverse proteins in diverse cell types from hypertonic stress-induced aggregation and misfolding. What roles do endogenous translation regulatory mechanisms play in modulating protein damage? In response to water loss, GCN-2 kinase signaling is activated in C. elegans resulting in the phosphorylation of eIF-2␣ and an ϳ70% inhibition of protein synthesis (23) . Phosphorylated eIF-2␣ inhibits translation by preventing the formation of elongation competent ribosomes (16) . Disruption of the GCN-2 signaling cascade completely blocks hypertonic stress-induced translation inhibition (23), reduces worm survival (Fig. 6, A and B) , dramatically increases the number and rate of growth of Q35::YFP aggregates (Fig. 6, C and D) , and increases the aggregation of endogenous proteins (Fig. 7) . Consistent with these results, Baker et al. (1) have recently shown that C. elegans clk-1 mutants, which have elevated levels of reactive oxygen species (24), exhibit increased oxidative protein damage that is exacerbated by loss of GCN-2 kinase function.
Stress-induced activation of GCN-2 kinase signaling and subsequent reduction in protein synthesis occur in response to diverse stressors in organisms ranging from yeast to mammals (11, 15, 35) . Our studies together with those of Baker et al. (1) demonstrate that GCN-2 kinase signaling also plays an important role in minimizing protein damage under stress conditions. In C. elegans, inhibition of protein synthesis, either by hypertonic stress, knockdown of genes required for translation, or protein synthesis inhib- 
gcn-1(nc40)
500 NaCl A Insoluble Total Fig. 7 . Effect of GCN kinase signaling on aggregation of endogenous proteins during hypertonic stress. A: examples of SDS-PAGE gels of total and detergent insoluble proteins isolated from WT and gcn-1(nc40) worms exposed to 500 mM NaCl for 4 h. B: quantification of insoluble protein. Insoluble protein was quantified as a fraction of total protein and is plotted relative to unstressed WT control animals maintained at 51 mM NaCl. Values are means Ϯ SE (n ϭ 3). *P Ͻ 0.02, compared with WT at 500 mM NaCl.
itors activates gpdh-1 transcription (20, 22, 23) . Increased gpdh-1 expression is required for synthesis of the organic osmolyte glycerol and optimal survival of worms under hypertonic conditions (22) . GCN-2-induced inhibition of protein synthesis during hypertonic stress thus serves two critical roles, minimization of protein damage brought about by water loss and as a signal that activates genes required for survival.
Reductions in translation extend lifespan in numerous diverse species (18, 25) , and extended lifespan is associated with increased resistance to multiple stressors (18, 30) including hypertonic stress (21) . The relationship between reductions in protein synthesis and improved stress resistance is a problem of considerable biological importance. In C. elegans, the highly conserved WNK and Ste20 kinases, WNK-1 and GCK-3, function downstream from GCN-2-mediated inhibition of translation to activate gpdh-1 transcription (23) . Defining the signaling mechanisms by which these kinases detect changes in translation and activate osmotic stress resistance pathways will provide important insights into how protein synthesis, proteostasis networks, and stress response mechanisms are coordinated and how this impacts numerous diseases and the pathophysiology of aging.
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